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Influenza afflicts approximately 10--20% of the population and kills an estimated 36,000 people each year in the United States^[@CR1]^. The annual return of the disease is driven by the antigenic variability of the influenza virus; two or three amino acid changes in the haemagglutinin (HA) protein on the virus surface can greatly reduce the effectiveness of existing antibodies, leaving people vulnerable to repeated influenza infections throughout their lives. In addition to this gradual change in the influenza virus, which is known as [ANTIGENIC DRIFT](#Glos1){ref-type="list"}, influenza A viruses can acquire novel surface proteins against which existing antibodies are ineffective^[@CR2]^. When this kind of [ANTIGENIC SHIFT](#Glos2){ref-type="list"} occurs, up to one-third of the population can become ill in an explosive global pandemic^[@CR3],[@CR4]^.

Two characteristics of influenza A biology contribute to its ability to undergo antigenic shifts. First, its RNA genome comprises eight separate segments. Co-infection of a cell with two different influenza virus strains can result in the generation of hybrid viruses that contain some segments from each progenitor --- a process known as [REASSORTMENT](#Glos8){ref-type="list"}^[@CR5]^. Second, influenza A viruses can infect many animal hosts, including wild waterfowl, poultry, pigs and horses. Under circumstances that have not yet been fully characterized, influenza strains can cross between species. The ability to reassort and the existence of several reservoirs of influenza virus provide many possibilities for the generation of novel influenza virus strains^[@CR2]^.

Four pandemics have occurred in recent history --- in 1890, 1918, 1957 and 1968 (Refs [@CR2]--[@CR4]). The genetic composition of the viruses responsible for the 1957 and 1968 pandemics is known; these viruses seem to have been generated by reassortment between an avian influenza strain and the strain then circulating in humans. In the 1957 H2N2-[SUBTYPE](#Glos9){ref-type="list"} pandemic virus, both influenza surface proteins, HA and neuraminidase (NA), and one internal protein, polymerase B1 (PB1), were closely related to Eurasian wild waterfowl influenza proteins^[@CR6],[@CR7]^. In 1968, the H3N2 pandemic virus contained novel HA and PB1 proteins, also apparently of Eurasian wild waterfowl origin^[@CR7],[@CR8]^. Although it is not known exactly how these reassortant viruses were generated, pigs can be infected with both avian and human influenza strains and this species has been suggested as a potential \'mixing vessel\' for the generation of pandemic viruses^[@CR2],[@CR9]^.

In 1918, the most devastating influenza pandemic in history killed at least 40 million people^[@CR10],[@CR11]^. In addition to a death toll that is several times higher than that of other influenza pandemics, the 1918 H1N1 virus took its greatest toll on young adults instead of the very old and very young who are usually most affected by influenza^[@CR12],[@CR13],[@CR14],[@CR15],[@CR16]^. Recently, isolation of the genetic material of the 1918 strain from formalin-fixed and frozen case material has made it possible to determine the genetic sequence of this virus. Five of the eight genome segments have been sequenced^[@CR17],[@CR18],[@CR19],[@CR20],[@CR21],[@CR22]^. Analyses of these sequences are underway to try to understand whether the 1918 pandemic strain was generated by the same pattern of reassortment as the 1957 and 1968 strains. It is possible that the unusual characteristics of the 1918 pandemic were, in part, due to an unusual origin. Even if this is not the case, it is important to know whether there is another pathway for the generation of pandemic strains so that surveillance for emerging strains can be optimized.

As data have accumulated, evidence has emerged to indicate that some of the genome segments of the 1918 H1N1 strain might have a novel origin that has not been seen in strains responsible for other pandemics^[@CR23]^. The nucleoprotein (NP) gene sequence, in particular, seems to have been acquired directly from a source that is similar to viruses currently found in wild birds at the amino acid level, but very divergent at the nucleotide level, suggesting considerable evolutionary distance between the source of the 1918 NP and the currently sequenced virus strains in wild birds^[@CR22]^. In light of this conclusion, it is worth re-examining the data on the other four sequenced 1918 genome segments, to see whether a similarly unusual origin is possible.

**Nucleoprotein**

[PHYLOGENETIC ANALYSES](#Glos7){ref-type="list"} of the NP segment of influenza virus produce trees with two large [CLADES](#Glos3){ref-type="list"} --- a \'mammalian\' clade with human and classical swine subclades, and an \'avian\' clade containing equine, gull and waterfowl subclades. The waterfowl subclade is further divided into North American and Eurasian branches. The 1918 NP sequence is placed within the mammalian clade whether total, [SYNONYMOUS](#Glos10){ref-type="list"} or [NON-SYNONYMOUS](#Glos5){ref-type="list"} substitutions are analysed. However, a BLAST search of the 1918 NP protein reveals that the amino acid sequences to which it is most closely related are avian. It differs from the A/Duck/Bavaria/2/77 (H1N1) strain by only eight amino acids, compared with 11 amino acid differences from the A/Swine/Iowa/15/30 (H1N1) strain and 16 from the A/Wilson-Smith/33 (H1N1) strain (an early human virus). Conversely, the 1918 NP gene differs from the A/Duck/ Bavaria/2/77 NP sequence by 193 nucleotides (87.1% identity), from the A/Swine/Iowa/15/30 sequence by 67 nucleotides (95.5% identity) and from A/Wilson-Smith/33 by 65 nucleotides (95.6% identity). The large number of synonymous differences with the avian sequence would be expected if the NP of the 1918 strain had been retained from the previously circulating human strain. However, the small number of amino acid differences from the avian strain indicates a recent avian origin.

Synonymous/non-synonymous (S/N) ratios vary widely between different lineages in the NP phylogenetic tree. Within the avian clade, where influenza is thought to be endemic, the average S/N ratio is 15.2. This indicates that in avian strains, the NP is so well adapted that most amino acid changes would be deleterious, and silent nucleotide changes therefore predominate. Within the mammalian clade, the average S/N ratio is 3.9, which indicates that NP is an actively evolving protein in which many amino acid changes provide a selective advantage. When the nucleotide sequence of the NP from the 1918 virus is compared with the NP sequence of mammalian isolates, the S/N ratios vary from 2.7 (1918 compared with A/Wilson-Smith/33) to 5.1 (1918 compared with A/Swine/Iowa/15/30). By contrast, when the 1918 sequence is compared with 10 avian species chosen from both the Eurasian and North American avian subclades, the S/N ratio is 10.4--18.0, with an average of 13.9. These data reinforce the results of the BLAST searches --- when compared with avian NP sequences, the 1918 sequence has many changes at the nucleotide level, but only a few of these result in amino acid changes.

A subset of synonymous substitutions that are known as [FOUR-FOLD DEGENERATE SUBSTITUTIONS](#Glos4){ref-type="list"} because the presence of any of the four bases does not lead to an amino acid replacement have been investigated. When avian sequences are compared with one another, the number of nucleotide differences is usually 20--30%. Comparisons of the 1918 NP with avian NP sequences consistently yields differences of 30--40%, indicating that the 1918 NP is different from known avian NPs. This does not seem to be simply a matter of evolutionary time, as a region of a viral NP gene found in a strain isolated from a bird captured in 1917 (Refs [@CR24],[@CR25]) shows identical patterns of four-fold degenerate differences --- 20--30% differences in comparisons with modern birds and a 44% difference compared with the 1918 pandemic virus sequence.

Given that only a limited number of wild-bird viruses have been sequenced, is it possible that greater sampling would reveal an NP sequence that is more closely related to the 1918 NP sequences? Avian sequences vary from each other at many synonymous sites, but they are all similarly distant from the avian consensus sequence. Therefore, if the 1918 virus acquired its NP from an avian virus that is similar to current avian strains, it should have a similar number of synonymous changes compared with the avian consensus sequence. One would also expect the 1918 strain to be more similar either to the Eurasian or the North American consensus sequences, as is true of the avian strains that have been sequenced so far. [Table 1](#Tab1){ref-type="table"} and [Fig. 1](#Fig1){ref-type="fig"} show that this is not the case. The NP sequence of the 1918 virus differs by 173 nucleotides from the overall avian consensus sequence, by 187 nucleotides from the North American avian consensus sequence and by 179 nucleotides from the Eurasian avian consensus sequence. So, it is only slightly more closely related to the consensus sequences than it is to individual strains, and no more closely related to one avian clade than the other. By contrast, individual avian sequences are more closely related to the avian consensus sequences than they are to each other, and much more closely related to the consensus of their own clade than to the consensus of the other clade ([Table 1](#Tab1){ref-type="table"}).Table 1Comparison of NPs with avian consensus sequencesFigure 1Comparison of the nucleoprotein (NP) genome segment from the 1918 pandemic influenza virus and two avian strains with the overall avian consensus sequence.The data show that although the amino acid sequence of the 1918 NP is similar to the overall avian consensus at the amino acid level, it is highly divergent at the nucleotide level.

**Haemagglutinin**

Phylogenetic analyses performed on the complete HA gene or either of its two domains, HA1 and HA2, consistently place the 1918 sequences within, and near the root of, the mammalian clade^[@CR17],[@CR18],[@CR24],[@CR26]^. The 1918 sequence is more similar to avian H1 sequences than is any other mammalian H1, but even when it is only compared with avian sequences, [PARSIMONY ANALYSIS](#Glos6){ref-type="list"} places the 1918 sequence in a separate clade^[@CR18],[@CR26]^. The phylogenetic distance between the 1918 HA sequence and avian H1 HA sequences is much greater than that between either the 1957 H2 and 1968 H3 sequences and avian H2 and H3 sequences, respectively ([Table 2](#Tab2){ref-type="table"}; [Fig. 2](#Fig2){ref-type="fig"}).Table 2Comparison of pandemic HA with avian consensus sequencesFigure 2Comparison of the haemagglutinin 1 (HA1) domain from the 1918, 1957 and 1968 pandemic viruses and various other avian strains with their avian consensus sequence.The data show that the HA of the 1918 pandemic virus differs from the H1 avian consensus to a much greater extent than the 1957 human H2 and 1968 human H3 differ from their respective avian consensus sequences.

Within the H2 subtype, North American avian strains differ from Eurasian avian strains by \>116 nucleotides and 24 amino acids, on average. Within the Eurasian clade, some strains differ from the avian consensus sequence by as many as 70 nucleotides and 20 amino acids. So, although the HA gene of the 1957 pandemic strain is not a perfect match for any of the avian sequences in the database, with only 60 nucleotide differences from the avian consensus it is clear that it could have come directly from a Eurasian wild waterfowl. Similarly, within the H3 subtype, North American avian strains differ from Eurasian avian strains by \>130 nucleotides and 16 amino acids, and one Eurasian strain can differ from another by as many as 60 nucleotides and seven amino acids. Again, the H3 gene of the 1968 pandemic virus is sufficiently similar to the known wild waterfowl sequences to have reassorted directly from this source. By contrast, in the H1 avian clade, strains from North American birds differ from Eurasian bird strains by an average of 92 nucleotides and 13 amino acids, and the differences are even smaller within the two avian subclades. The HA sequence from the 1918 pandemic H1 strain has more than twice as many differences from the avian consensus than any avian sequence. As a result, it seems unlikely that the 1918 pandemic virus acquired its HA directly from an avian source within the avian clades that have been characterized so far.

The possibility that the avian strains circulating around 1918 might have more closely resembled the pandemic strain was tested by sequencing a region of the HA gene from a Brant goose that was captured in 1917 and which was infected with an H1 subtype influenza virus. Phylogenetic analyses placed this 1917 avian sequence within the North American avian clade with a similar number of differences from the 1918 pandemic sequence as modern North American avian HAs^[@CR24]^.

An effort to reconcile the phylogenetic distance of the 1918 sequence from the avian clade with the many avian characteristics of the 1918 virus led us to hypothesize that the 1918 HA gene had adapted in a mammalian host for some years before emerging in a pandemic virus. The earliest swine H1 isolate from the outbreak of avian H1N1 influenza in European pigs^[@CR27],[@CR28]^, the A/Swine/Arnsberg/ 6554/79 (H1N1) isolate, has 40 nucleotide and 19 amino acid differences from the Eurasian avian HA1 consensus sequence --- which is comparable to the number of differences between the H2 and H3 pandemic HAs and their avian consensus sequences. Twenty years later, the swine H1 lineage had accumulated 67 nucleotide and 36 amino acid differences (using A/Swine/Belgium/1/98 (H1N1) as an example). So, after 20 years in swine, the avian-derived H1 has acquired as many amino acid differences from the avian consensus as the 1918 strain, but it has fewer than half as many synonymous changes (67 compared with 174 in the 1918 strain). Again, preliminary results indicate that adaptation in an intermediate host such as the pig is unlikely to explain the large number of synonymous differences and the high S/N ratio between the 1918 sequence and avian sequences that have been characterized so far.

Therefore, it seems possible that, like the NP, the 1918 HA might have reassorted directly from a currently unknown host, the HA of which is similar to that in wild birds at the amino acid level, but quite different at the nucleotide level. Again, nucleotide differences at four-fold degenerate sites reinforce this interpretation of the data. When avian HA1 sequences are compared, they differ at four-fold degenerate sites by 20--30%. Comparisons of 1918 viral HA1 with avian sequences give values of 50--60%. As with the NP gene, comparisons with a region of an HA1 gene from a bird captured in 1917 show the same pattern --- 20--30% differences with modern birds and a 58% difference compared with the 1918 pandemic virus.

**Neuraminidase**

Phylogenetic analyses of the N1 NA gene segment produce trees with two clades --- a mammalian clade containing human and swine subclades, and an avian clade containing Eurasian and North American subclades. Analyses of the full-length NA coding sequences place the 1918 NA within and near the root of the human/swine clade, as do analyses of synonymous changes alone. However, when non-synonymous substitutions are analysed, the 1918 NA is placed within and near the root of the avian clade. These analyses suggest that the mammalian sequences are characterized by many shared synonymous changes, whereas the 1918 protein is more similar to avian sequences at the amino acid level^[@CR19]^. Similar to the NP and HA1 genes, the 1918 viral NA gene has many changes at four-fold degenerate sites. Comparisons of North American and Eurasian avian NA genes show 20--40% differences, whereas comparisons of modern avian sequences with that of the 1918 virus show differences of 30--40%.

Although analyses of the amino acid sequence of the 1918 N1 NA place it in the avian clade, the 1918 sequence shares 13 amino acid changes with strains of the mammalian lineage that are not found in avian strains. Five of these sites are also changed in the avian N1 lineage that has been circulating in European swine for the past 25 years. These sites might be important in the adaptation of avian NA to mammals^[@CR19],[@CR29]^.

As shown in [Table 3](#Tab3){ref-type="table"}, when the sequence of the 1918 N1 is compared with consensus N1 sequences from Eurasian and North American avian strains, it is found to have 136 and 140 synonymous differences from the Eurasian and North American avian lineages, respectively. The 1918 N1 NA protein differs by 30 and 32 amino acids, respectively, from the Eurasian and North American avian consensus amino acid sequences. This is similar to the number of differences that are found between the 1957 N2 NA sequence and consensus sequences derived from avian N2 sequences ([Table 3](#Tab3){ref-type="table"}).Table 3Comparison of pandemic NA with avian consensus sequences

When the avian H1N1 strain emerged in European swine in 1979, the N1 of an early swine isolate (A/Swine/Lot/2979/82 (H1N1)) had 49 nucleotide and 9 amino acid differences from the Eurasian avian N1 consensus sequence. By 1997, the swine N1 lineage had accumulated 87 nucleotide and 33 amino acid differences (using A/Swine/Italy/1506-9/97 (H1N1) as an example) from the Eurasian avian consensus sequence. So, 20 years of evolution in pigs resulted in a similar number of amino acid changes as that seen between the 1918 N1 sequence and avian sequences, but only two-thirds as many synonymous changes (87 compared with 136). Again, these results indicate that adaptation in an intermediate host like the pig is unlikely to explain the accumulation of so many synonymous differences between the 1918 sequence and avian sequences obtained so far.

**Matrix**

The matrix (MA) genome segment encodes two proteins, M1 and M2, both of which are highly conserved. A phylogenetic analysis of M1 nucleotide sequences shows two clades --- one comprising human and swine subclades, and a second that includes one subclade containing North American avian and equine sequences and another subclade containing Eurasian birds and sequences from the recent introduction of avian H1N1 into European swine. As with the other 1918 gene segments, the 1918 M1 sequence is positioned within and near the root of the human subclade. The M1 protein is so conserved that phylogenetic analyses yield little information^[@CR21]^. If a consensus sequence is made from six Eurasian avian sequences, the individual sequences are found to differ from the consensus by 10--20 nucleotides but their amino acid sequences are virtually identical. The 1918 M1 sequence differs from this Eurasian avian consensus sequence by 51 nucleotides and one amino acid. A consensus sequence derived from four North American avian strains yields similar results; the strains each differ from the consensus by 5--20 nucleotides and the 1918 strain differs from the consensus by 47 nucleotides and, again, one amino acid. The North American and Eurasian avian consensus sequences differ from each other by 47 nucleotides. So, the 1918 M1 is as different from each avian subclade as they are from each other.

Phylogenetic analyses of the M2 gene produce trees in which the mammalian portion of the tree is very similar to the M1 trees. The avian/equine clade, however, has little horizontal depth and does not divide clearly into Eurasian, North American and equine subclades. Comparison of the avian sequences shows that only 18 nucleotide positions display any differences among the avian sequences, with most birds differing from each other by only a few nucleotides. The 1918 M2 sequence differs from the avian consensus by nine nucleotides. At the amino acid level, avian M2 is highly conserved, with only one amino acid difference distinguishing Eurasian and North American avian strains. Strikingly, the 1918 M2 differs from this avian consensus at five amino acid positions. Four of these differences are in the extracellular domain of M2, which is encoded by a reading frame that overlaps with that of the completely conserved M1 carboxyl terminus, indicating that it came from a source that differs markedly from the currently known avian sequences. It is possible that some of these four changes reflect human adaptation. If this is the case, it would indicate that the MA genome segment might have been retained in the 1918 pandemic virus from the previously circulating human influenza virus^[@CR21]^.

**Non-structural proteins**

The non-structural (NS) genome segment is unusual among influenza gene segments in that two distinct alleles, A and B, are found in wild birds. Phylogenetic trees of both NS1 and NS2 position the B allele as an outgroup, and sequences of strains found in gulls and H7N7-subtype equine strains also form distinct clades. The topography of the other large clade is similar to that of M1, with a mammalian clade containing human and swine subclades, and an avian clade containing one subclade of Eurasian birds and another of North American birds and horses. The NS phylogenetic tree differs from the M1 tree in that a small group of old, highly pathogenic avian influenza viruses (previously called fowl plague viruses) is found at the root of the mammalian clade. The 1918 NS sequence, as with all the other 1918 gene segments, is found within and near the root of the mammalian clade^[@CR20]^.

NS1 sequences are more diverse than M1 sequences, making it difficult to generate a consensus avian sequence. Within the Eurasian avian clade, sequences differ by as many as 25 nucleotides and six amino acids (comparing A/Chicken/Victoria/1/85 (H7N7) and A/Chicken/Hong Kong/220/97 (H5N1), for example). Within the North American avian clade, sequences differ by as many as 16 nucleotides and two amino acids (comparing A/Pintail/Alberta/119/79 (H4N6) and A/Gull/Delaware/475/86 (H2N2)). Given this diversity, as the 1918 NS1 sequence differs from the most closely related avian sequence, A/Mallard/New York/6750/78 (H2N2), by 24 nucleotides and four amino acids it seems possible that the 1918 NS segment was acquired directly from an avian strain. Eighty years later, the human NS1 lineage (using A/Shiga/25/97 (H3N2) as an example) had accumulated another 39 nucleotide and 33 amino acid differences from the 1918 strain, consistent with the hypothesis that the 1918 NS had not circulated in humans for a long time before the pandemic.

NS2 sequences are more conserved than NS1, with avian sequences varying from each other on average by 10 nucleotides and 1--3 amino acids. The 1918 NS2 sequences differ from most avian sequences by about the same number --- for example, from the A/Mallard/New York/6750/78 (H2N2) strain by 11 nucleotides and one amino acid and from the A/Chicken/Victoria/1/85 (H7N7) strain by eight nucleotides and three amino acids. Since 1918, modern human NS2 sequences (again using A/Shiga/25/97 (H3N2) as an example) have accumulated another 26 nucleotide and six amino acid changes. So, the 1918 NS2 gene sequence is also consistent with a recent origin for the NS segment at the time of the pandemic.

**Conclusion**

The origin of the 1918 pandemic influenza strain remains mysterious. Several of the gene segments --- HA, NA and NP --- have so many synonymous changes from known sequences of wild-bird strains that it seems unlikely that they could have reassorted directly from an avian strain similar to those that have been sequenced so far. This is especially apparent when one examines differences at four-fold degenerate sites, which should be subject to little selective pressure. At the same time, the 1918 sequences have too few amino acid differences from wild-bird strains to have spent many years adapting in a human or swine intermediate host. One possible explanation is that these gene segments were acquired from a reservoir of influenza virus that has not yet been sampled. Phylogenetic analyses indicate that strains from this unidentified host could form a subclade within the avian clade, similar to the subclades that are formed by the Eurasian and North American waterfowl sequences.

The MA and NS genome segments are much more conserved and therefore sequence analysis alone might not be sufficient to determine whether they were novel in 1918 and, if so, whether they came from avian strains similar to the strains that have been sequenced. The M1 gene, in its pattern of synonymous and non-synonymous differences from avian sequences, resembles the genome segments listed above, consistent with an origin in a novel host. At the same time, the four amino acid changes in the extracellular domain of the M2 protein might indicate that this genome segment was retained from the previously circulating human strain. As the two genes are encoded by a single genome segment, and therefore must have a common origin, more information will be required to determine the origin of the 1918 MA segment.

The genetic composition of the 1957 and 1968 pandemic viruses is consistent with their both having arisen by the same mechanism --- reassortment of a Eurasian wild-waterfowl strain with the previously circulating human strain^[@CR6],[@CR7],[@CR8]^. Proof of the hypothesis that the virus responsible for the 1918 pandemic had an origin markedly different from the viruses responsible for the 1957 and 1968 pandemics would require both the discovery of a sample of the human influenza strain that was circulating before 1918 and the discovery of influenza strains in the wild that more closely resemble the 1918 sequences. At present, it is only possible to assert that the sequences of the 1918 pandemic virus do not seem to be consistent with an origin similar to that of the 1957 and 1968 pandemic viruses. Enhanced sampling and surveillance of wild-animal populations to find additional influenza reservoirs could be a prudent course of action^[@CR30],[@CR31],[@CR32]^, given the consequences of missing the emergence of a pandemic strain like that of 1918.
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ANTIGENIC DRIFT

:   Minor changes in viral antigens due to gradual accumulation of mutations over time.

ANTIGENIC SHIFT

:   Sudden change in viral antigens due to acquisition of one or more novel surface-protein-encoding genes by the process of reassortment.

CLADE

:   Traits (for example, sequences) that form a distinct group on phylogenetic analysis.

FOUR-FOLD DEGENERATE SUBSTITUTIONS

:   A subset of synonymous sites in a codon at which any of the four nucleotides can be present without resulting in an amino acid replacement.

NON-SYNONYMOUS SUBSTITUTION

:   Nucleotide substitution in a codon that results in an amino acid replacement.

PARSIMONY ANALYSIS

:   A type of phylogenetic analysis in which many possible trees are compared to find the tree requiring the fewest evolutionary changes.

PHYLOGENETIC ANALYSES

:   Analysis of the evolutionary connections between traits (for example, sequences). There are several different methods that can be used to analyse phylogenetic connections.

REASSORTMENT

:   Due to the segmented nature of the influenza A virus genome (eight individual RNA segments), influenza viruses can undergo a process of genetic reassortment to produce new variant strains of virus. In a cell infected with two different influenza A virus strains, gene segments from each can be packaged into viable hybrid virus strains.

SUBTYPE

:   A designation for influenza A viruses describing the antigenic group to which the two dominant surface glycoproteins --- haemagglutinin (HA) and neuraminidase (NA) --- belong, written in the form HXNX, wherein one of the 15 possible HAs and one of the nine possible NAs is listed, for example, H1N1 or H3N2.

SYNONYMOUS SUBSTITUTION

:   Nucleotide substitution in a codon that does not result in an amino acid replacement.
